Traditional methods to assay enzymatic cleavage of DNA are discontinuous and time consuming. In contrast, recently developed fluorescence methods are continuous and convenient. However, no fluorescence method has been developed for singlestranded DNA digestion. Here we introduce a novel method, based on molecular beacons, to assay single-stranded DNA cleavage by single strandspecific nucleases. A molecular beacon, a hairpinshaped DNA probe labeled with a fluorophore and a quencher, is used as the substrate and enzymatic cleavage leads to fluorescence enhancement in the molecular beacon. This method permits real time detection of DNA cleavage and makes it easy to characterize the activity of DNA nucleases and to study the steady-state cleavage reaction kinetics. The excellent sensitivity, reproducibility and convenience will enable molecular beacons to be widely useful for the study of single-stranded DNA cleaving reactions.
DNA cleavage reactions are important for cellular events, such as DNA replication, recombination and repair, as well as for molecular cloning and DNA analysis. These cleavage reactions are usually catalyzed by various enzymes, including the most commonly used restriction nucleases and non-specific nucleases (1, 2) . To assay the cleavage efficiency of these enzymes, several traditional methods have been used, such as gel electrophoresis, filter binding and high performance liquid chromatography (HPLC) (3) (4) (5) . All these methods, however, are discontinuous, time consuming and laborious. Furthermore, detecting cleavage at low substrate concentrations necessitates radiolabeling. A continuous UV assay based on hyperchromic effects has been reported, but its application is limited by its narrow dynamic range of substrate concentration (6) . Enzyme-linked immunosorbent assay (ELISA) has been used for enzymatic cleavage studies, but also suffers from being discontinuous (7) . There have been recent efforts towards the development of fluorescence assays for DNA cleavage (8) . These assays are based on fluorescence resonance energy transfer (FRET) or non-FRET quenching mechanisms. Usually, a fluorescence signal enhancement is observed after the cleavage reaction (8) (9) (10) (11) . These assays are continuous and convenient. However, up to now all of them have been designed only for restriction endonucleases and double-stranded DNA substrates. Furthermore, the potential for achieving high sensitivity through FRET has not been fully realized for the study of DNA cleavage (the signal to background ratio is only~2 or less).
In this report, we introduce a fluorescence assay to monitor the cleavage of single-stranded DNA by single-strand-specific nucleases using recently developed molecular beacons. So far, many single-strand-specific nucleases that hydrolyze nucleic acids have been isolated from various sources, including fungi, bacteria, yeast, plants and animals. These enzymes exhibit high selectivity for single-stranded nucleic acids and produce mono-and oligonucleotides terminating in 5′-phosphoryl and 3′-phosphoryl groups (1, 2, 12) . These nucleases are not only involved in biological processes (12) , but have also found wide application in molecular biology and biotechnology, such as nucleic acid hybridization, analysis of nucleic acid structure, isolation of specific genes and gene manipulation (13) (14) (15) (16) (17) (18) . However, traditional methods, such as gel electrophoresis and sedimentation, to assay these nucleases are time consuming and usually require isotope labeling. It is necessary to develop sensitive, convenient and non-isotope-labeled methods to characterize these nucleases and their cleavage reactions. The assay introduced in this paper will enable an extremely high signal to background ratio (~40) to be achieved by taking advantage of the signal transduction mechanism built into the molecular beacon. The sensitivity of DNA cleavage assay is improved 20-fold in this report, compared with previous fluorescence methods. Molecular beacons are hairpin-shaped oligonucleotide probes which can report the presence of specific nucleic acids in solution (19, 20) . With the advantages of reporting target sequences in real time with high sensitivity and without isotope labeling, molecular beacons have found rapid application, from monitoring PCR to watching living cell hybridization to detecting DNA-protein binding events (21) (22) (23) (24) . Here we show that molecular beacons can be used to efficiently monitor in real time the cleavage of single-stranded DNA by single-strand-specific nucleases.
The mechanism of application of molecular beacons to monitoring DNA cleavage is shown schematically in Figure 1 . The detailed structures and the synthesis of molecular beacons have been described previously (24) . The molecular beacon contains a fluorophore moiety at one end and a non-fluorescent quencher moiety at the other. On its own, the molecular beacon adopts a hairpin-shaped structure. ii keeps the two moieties in close proximity to each other, causing the fluorescence of the fluorophore to be quenched by FRET. In the presence of a single-strand-specific nuclease, the nuclease binds to and cleaves the single-stranded loop portion of the molecular beacon. Binding and cleavage by the nuclease may also break the stem and thus separate the fluorophore and quencher from each other, producing two DNA fragments. As a result, the fluorescence of the molecular beacon is restored. There are two possible situations where the fluorescence of the molecular beacon will not be restored (as indicated by the dashed arrow in Fig. 1 ). In the first case, the separated DNA fragments may anneal to each other again to form a new stem. In the second case, nuclease binding and cleavage may not result in breaking of the molecular beacon stem, thus producing two DNA fragments still linked to each other by the molecular beacon stem. However, the two fragments of the cleaved molecular beacon should be separated from each other because their melting temperatures are much lower than the cleavage temperature (37°C). Consequently, cleavage should give rise to an irreversible fluorescence enhancement. This constitutes the basis for quantitative analysis of the cleavage reaction.
Molecular beacons can be used to study digestion with high sensitivity. In Figure 2a , time curves of fluorescence intensity of three molecular beacon solutions are recorded during digestion by three nucleases, S1 nuclease, mung bean nuclease and DNase I (1,2). The fluorescence intensities of the three samples gradually increase upon digestion before fluorescence intensity plateaus are reached. The fluorescence enhancement reflects restoration of the fluorescence of the fluorophore, which is a result of cleavage of the molecular beacon. Therefore, the fluorescence-time curves reveal the cleavage processes in real time. The minor differences in the plateau heights among the three nucleases is due to differences in their respective digestion buffers. It is known that DNase I can digest both single-and double-stranded DNA completely (1-3), thus the fluorophore and quencher in the molecular beacon should be separated from each other after DNase I digestion. The fact that all three nucleases cause similar enhancements in fluorescence intensity (Fig. 2a) indicates that cleavage by S1 and mung bean nucleases can also separate the fluorophore and quencher with similar efficiency. The fluorescence intensity enhancement factor (signal to noise ratio) is~40 for S1 nuclease, mung bean nuclease and DNase I. This value is higher than the enhancement factor,~35, produced by the complementary DNA of the molecular beacon. This is reasonable because in the former case the fluorophore and quencher of the cleaved molecular beacon are completely separated from each other, while the two moieties are still linked to each other by one fragment of double-stranded DNA in the cDNA case. These high fluorescence enhancements clearly demonstrate that molecular beacons can be used as ultrasensitive probes for monitoring DNA digestion in real time. Moreover, the initial digestion rate can be measured from the linear portion of the time curve. This initial cleavage rate is calculated using the data obtained in the first 90 s of the time curve. It can then be used to determine the enzyme activity in the cleavage reaction. An alternative method to measure enzyme activity is to calculate the average digestion rate based on the fluorescence spectra taken at different times of digestion, as shown in the insert in Figure 2a . However, the initial rate method is simpler.
The cleavage reaction rate is dependent on enzyme concentration. The cleavage reaction was monitored as a function of enzyme concentration. S1 nuclease was chosen as an example. Figure 2b shows the time curves of the digestion reaction of a fixed amount of molecular beacon with different S1 nuclease concentrations. A good linear relationship was observed between initial digestion rate and enzyme concentration (shown as the insert in Fig. 2b ). This indicates that the cleavage reaction is first order with respect to S1 nuclease concentration. This is consistent with the general model for enzymecatalyzed reactions (25) .
To further confirm the validity of the molecular beaconbased method, the relationship between initial digestion rate and substrate concentration was studied. As shown in Figure  2c , the initial digestion rate increases with an increase in substrate concentration. The initial cleavage rate, V 0 , was measured from the time curves. Plotting 1/V 0 versus 1/[S] (V 0 and [S] represent the initial velocity and substrate concentration, respectively) yields a straight line (the LineweaverBurk plot in Fig. 2c ). This indicates that the kinetics data fit well with the Michaelis-Menten equation (25) . From the Lineweaver-Burk plot, several important kinetic parameters, V max (maximum initial velocity), K m (Michaelis-Menten constant) and k cat (turnover number), are determined. For S1 nuclease, V max , K m and k cat are 6.3 × 10 -10 M s -1 , 6.8 × 10 -6 M and 42 s -1 , respectively. k cat /K m is calculated to be 6.2 × 10 6 M -1 s -1 . K m for S1 nuclease has been reported to vary from 5 × 10 -3 to 2 × 10 -8 M (26) (27) (28) . Such a significant difference in K m is caused by different reaction conditions and the various substates used by different authors. iii The molecular beacon-based assay detects only the first cleavage of a molecular beacon by single-strand-specific nucleases. In contrast to restriction endonucleases, singlestrand-specific nucleases can make many cuts in a singlestranded DNA (1,2). One initial binding and cutting event may be followed by many successive cutting events before substrate release or the nuclease may rebind to an incomplete digestion product and then cleave it (in the initial digestion stage where initial velocity is measured, rebinding can be neglected because of the relative abundance of the intact substrate). Because the first bind and cut gives rise to fragmentation of the molecular beacon and fluorescence enhancement, subsequent cutting does not further change the fluorescence enhancement. Therefore, this assay extracts only kinetics information for the first binding and cutting event and effectively eliminates subsequent cutting events. As shown in Figure 2b , the digestion kinetics data based on this assay obey the Michaelis-Menten equation. It is worth noting that the four kinetic parameters obtained in our experiments need to be compared and correlated on the understanding that they only concern the first cutting event in DNA digestion. V max represents only the velocity of the first binding and cutting event and should thus be smaller than the value in which subsequent cutting is also considered. This situation should be similar for The molecular beacon-based assay can be used to study the effects of a variety of experimental parameters. As is well known, enzyme activity and kinetic parameters may change significantly with different cleavage reaction conditions. Thus, an assay with easy and adequate characterization of an enzyme and its catalytic reactions will enable a better understanding of the enzymatic reactions performed under various conditions. The method developed here is convenient and accurate in detecting the influence of various catalytic conditions on DNA cleavage reactions. As one example, Figure 2d shows the effect of deoxynucleotides on molecular beacon cleavage by S1 nuclease. It can be seen that deoxynucleotides can apparently inhibit S1 nuclease activity. The inhibitory effect increases with an increase in the concentration of deoxynucleotides. This inhibitory effect is consistent with previously reported results (29) . Since the method has a high sensitivity of fluorescence detection, it allows us to monitor minor inhibitory effects, as shown in Figure 2d .
Binding between DNA and the nuclease has been considered to be the initial step in DNA cleavage reactions (30, 31) . Further study is necessary to determine whether restoration of the fluorescence of the molecular beacon occurs at the binding step (path I in Fig. 1 ) or at the cleavage/release step (path II in Fig. 1 ) in this assay. If binding is an intrinsic process of the DNA cleavage reaction, this ambiguity does not prevent us from studying the steady-state kinetics of cleavage of the molecular beacons, since the two fragments of the cleaved molecular are completely separated. On the other hand, mere protein binding, which does not result in DNA cleavage, could also disturb the original conformation of the molecular beacon, opening the molecular beacon for fluorescence enhancement (24) . Therefore, it is necessary to address whether the fluorescence enhancement in this assay is caused by mere binding or by binding/cleavage. We have four reasons to support the hypothesis that the fluorescence enhancement observed in this report is mainly due to the enzymatic DNA cleavage reaction. First, the protein-DNA interaction rapidly restores molecular beacon fluorescence, taking only a few seconds (24) , while the cleavage reaction takes minutes to reach a plateau, even when relatively high enzyme concentrations are used. Second, protein binding does not result in an enhancement of fluorescence intensity greater than that due to DNA hybridization (24) , while molecular beacon cleavage does, as stated above. Third, the experimental data fit well with the MichaelisMenten equation, which indicates that the reaction is an enzymatic cleavage reaction. Fourth, the molar ratio of nuclease to molecular beacon is so small that only an extremely small portion of the molecular beacon would be bound by the nuclease enzyme. Even if protein binding restores molecular beacon fluorescence, the fluorescence enhancement should be small. For example, the molar ratio of nuclease to molecular beacon in Figure 2c is 10 -4 or less.
We also obtained direct evidence to show that the fluorescence enhancement in this report is due to the binding/cleavage reaction instead of mere binding. We carried out comparison experiments on cleavage of the molecular beacons by S1 nuclease using fluorescence assay and gel electrophoresis assay. As shown in Figure 3a , the amount of intact molecular beacon decreases with increasing digestion time, indicating cleavage of the molecular beacon. The smeared bands in Figure 3a reveal that DNA fragments of different lengths are produced during digestion, suggesting random cutting of the molecular beacons by S1 nuclease. To further correlate the fluorescence assay results with those from gel electrophoresis, the percentage cleavage values obtained using both methods were plotted against digestion time. As shown in Figure 3b , the two results fit well with each other. This clearly demonstrates that the fluorescence signal enhancement does reflect the Figure 3 . Correlation of fluorescence assay and gel electrophoresis assay for the cleavage of the molecular beacons by S1 nuclease. The reactions were performed as described in Figure 2 with the following changes: 6 µM molecular beacon, 20 U/ml S1, 400 µl reaction volume. The time driving curve was recorded after the addition of 0.8 µl of S1 into the molecular beacon solution. For the gel electrophoresis assay, 10 µl samples of the reaction mixture were removed at specific time points from the fluorescence cuvette and added to 4 µl of 1 M Tris-HCl buffer (pH 7.8) on ice to quench the reaction. (a) Polyacrylamide gel assay for cleavage of the molecular beacon by S1 nuclease. The samples were run on a 15% denaturing polyacrylamide gel to separate the cleaved products from the substrate. v cleavage reaction. The decrease in fluorescence intensity of the top bands in the gel electrophoresis image reveals only the first cutting event (any single cut will be enough to shorten the molecular beacon and decrease the amount of intact molecular beacon in the upper band). The fact that this data matches the fluorescence spectrometer data clearly supports the presumption presented in Figure 1 : the fluorescence signal increase reflects only the first cut.
In summary, we have for the first time developed a novel method to monitor the cleavage of single-stranded DNA by single-strand-specific nucleases. This assay uses molecular beacon DNA probes for signal transduction. It has high sensitivity and convenience. This represents the first fluorescence assay for probing single-standed DNA nuclease activity. Both natural and artificial DNA/RNA nucleases are being discovered and developed. They are providing new tools for molecular biology and biotechnology, as well as new insights into the structure-function relationships of DNA/RNA molecules (32) (33) (34) (35) (36) (37) . This simple assay with extremely high sensitivity will make it widely and highly useful for convenient characterization for these new nucleases and their cleavage reactions.
